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Abstract: To analyze the changes in the Upper Danube Floodplain, we used aerial photos to quantify
the change of landscape pattern from 1963 to 2010. We focused on typical floodplain habitats, i.e.,
riparian forest and floodplain grassland. We used landscape metrics and transformation matrix
to explore changes in land cover structure and composition. The active floodplain experienced
increasing fragmentation from 1963 to 2010. Despite an increase of aggregation, riparian forest
suffered a 2.3% area loss from 1995 to 2010. Arable land in the active floodplain declined by
28.5%, while its patch size significantly increased. Elevation, distance to river and soil quality
were the most relevant environmental factors for the land cover change in the floodplain. Higher soil
quality or longer distance to river led to an increase of conversion from grassland into arable land;
grassland patches with poorer soil quality were likely to change into riparian forest; riparian forest
closer to the river and with a lower height above mean water level tended to remain stable.
This comprehensive understanding of historical land cover change and environmental factors is
needed for the enhancement of landscape functions and sustainable development in the floodplain.
Keywords: riparian landscape; landscape pattern; landscape dynamics; disturbance
1. Introduction
Natural and semi-natural floodplain habitats are valuable but rare. As an essential component of
riverine ecosystems, riparian forests would form the Potential Natural Vegetation (PNV) that would
theoretically develop without human influence [1,2]. Riparian forests have a high biomass productivity
and habitat value. They provide various functions including water storage, water quality improvement,
protection against flood and erosion, dead-wood provision for the structural diversity of the river,
and they act as a buffer against negative influences of adjacent agricultural and industrial activities [3].
In many European floodplains, riparian forests were reduced or disappeared because of the river
management activities. Consequently, riparian forests became threatened floodplain habitats [4].
Floodplain grasslands harbor exceptionally high numbers of species [5]. They experience periodic
flooding and they are regularly mown or grazed. Grasslands in floodplains without nature protection
measures have experienced alarming losses since the 1950s [6]. This loss is attributed to land drainage,
fertilizer uses and the conversion from grassland to cropland [7].
The riparian landscape has changed tremendously over time in various floodplains worldwide [8].
In Europe, the Danube is an example for this: since the beginning of the 19th century, 80% of the
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Danube Floodplain has been lost due to river regulation, land cover change and dam construction [9].
Compared with other stretches, especially the Upper Danube River has suffered significant
modification in the last two centuries [10]. The anthropogenic influence on the Danube River
can be clustered into several phases [11]: from the 18th century to the 1850s, meanders were cut
off and the riverbed was narrowed to raise the transportation capacity; from the 1850s to 1900,
low water regulations for waterway transport and sediment extractions for construction uses were
implemented. Land parceling and settlement growth in the 19th century continuously changed the
Danube Floodplain [12]. At the beginning of the 20th century, power plants were constructed and
more dredging projects followed. Many gravel pits were built along the river from 1950 to 1960 [13].
Flood control, navigation, and hydroelectric power plants caused many problems: alteration of
the riverine landscape, degradation of the river bed, decoupling of the floodplain from the river,
disturbance of the lateral connectivity and exchange processes, restriction of hydro-morphological
dynamics, reduction of habitat variability and biodiversity [14]. Dam construction and river regulation
may prevent flooding, cause sediment deficit and change hydro-geomorphic patterns, which further
disrupt the composition and structure of riparian vegetation [15,16]. In case of the Danube Floodplain,
changes of the ground-water level led to the degradation of forest and other riparian vegetation
types [17].
Land cover in the past can control or constrain current land cover composition, and changing
trends may affect ecosystem development in the future [18]. Previous researchers have demonstrated
the influences of historical land cover structure on the current diversity of plant species [19].
Habitat loss and other environmental changes can cause delayed responses of some species, which is
called the extinction debt [20]. The conditions are no longer suitable for the persistence of some plant
species, and they will go extinct in the future [19]. However, provided the species persist, there is time
to implement habitat restoration and other measures [21]. A clear understanding of land cover change
reveals the threats to biodiversity and helps to establish better conservation measures.
From the middle of the last century, the conversion from riparian forest to agricultural land
and urban area occurred in Central Europe (e.g., the Middle Elbe River [22]) and worldwide (e.g.,
the Upper Mississippi River [23], the Laoha River [24], the Willamette Valley [25]). Other riparian land
cover types (e.g., grassland, fallow land) were converted to arable and urban land [24]. Conversely,
the conversion from other land over (e.g., open land) to woodland led to an expansion of riparian
forest in some European floodplains (e.g., the Magra River [26], the Lech River [27]) and worldwide
(e.g., the Upper San Pedro River [28]). However, some studies found no fundamental changes in the
forest cover, but rather the conversion of agricultural land from extensive permanent grassland to
intensive arable land [29]. As a general trend, human influence in most of the floodplains is increasing,
which is in conflict with nature conservation [30]. This trend calls for alerts and threatens the need for
more natural floodplain landscapes.
The fundamental method to quantify the temporal evolution of land cover is to interpret satellite
images/aerial photos [16,26,31]. Landscape metrics, based on the geometry (e.g., number, size,
shape and distribution) of patches of different land cover types, have been used to quantify landscape
change [32,33]. Researchers selected metrics based on specific categories (e.g., shape, fragmentation,
and diversity) [34,35]: Lausch and Herzog [36] selected a few metrics (e.g., MPS (mean patch size) and
IJI (interspersion and juxtaposition index)) from various metrics to monitor the landscape structure
in Leipzig South region and Espenhaim; Zhao et al. [37] applied fragmentation metrics (e.g., MPS or
LPS (largest patch index)), shape metrics (e.g., LSI (landscape shape index)) and diversity metrics (e.g.,
SHDI (Shannon’s diversity index), SHEI (Shannon’s evenness index)) to assess the impact of dam
construction on the change of landscape patterns in the Lancang River Basin.
Several studies analyzed the influence of environmental factors on the riparian landscape.
Topographic variables (e.g., elevation, slope, aspect etc.) were estimated to affect the land cover
changes [38]. Climatic gradients, inundation, soil moisture, nutrients and disturbance affect the riparian
vegetation [30,39,40]. Within the catchment, elevation and distance from the river in general have
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the primary influence on the composition and structure of riparian vegetation [41]. Along the lateral
gradient, elevation increases from the river channel to the upland and reflects the topographic features
in the floodplain (e.g., levees) [41]. However, some studies found the modern forest distribution is
decoupled from the natural environmental conditions [42]. In the floodplain landscape with agriculture
as the major component, the arable land tends to occur in the coarse-grained natural levee/point bar
close to the river channel, where it is infrequently flooded with rapid drainage; however, the pasture
land was more associated with the cohesive clayey deposits such as the backswamp, where it is
seasonally flooded with poor drainage [31]. Due to the dynamic characteristics of the floodplain,
the mechanism of the relationship between environmental factors and the change of floodplain habitats
is complicated. Not only the river stage, but also the spatial variability of floodplain geomorphology
in the large river system affects the floodplain water table [43].
Although many studies have been conducted about the long-term land cover change in the
floodplain, most of them were done at a coarse scale (e.g., 1 km2) or they were conducted as case
studies [29,44]. For example, Jones et al. [45] studied riparian land cover change (1972–2003) across the
continental United States at the catchment and riparian scales and they found the decline of natural
land cover (e.g., forest) as well as the increase of agricultural and urban land. Since floodplain biotopes
are rather small and dynamic, studies at a finer scale are needed to enable a more detailed and accurate
understanding of land cover change in the floodplain. To fill this knowledge gap, we used the land
cover analysis scale of 1:5000 in our study, which enables a more detailed and accurate understanding
of how the land cover in the floodplain changed at the finer scale. The larger number of study sites
makes the comparison possible.
The objectives of this study were (1) to determine past land cover pattern of floodplain with regard
to the importance for ecological structures and functions; (2) to identify the relationship between
environmental factors and land cover change; (3) to assess the observed trends in a floodplain context
for a more sustainable floodplain development. We focused on the changes of riparian forest and
floodplain grassland owing to their unique importance to the floodplain. Besides a clear understanding
of land cover change and the environmental factors, land cover change should be evaluated from an
ecological point of view. The following research questions were addressed:
• How did the land cover pattern, i.e., the land cover composition and structure, change from 1963
to 2010 in the Upper Danube Floodplain?
# How did the grassland pattern change?
# How did the riparian forest pattern change?
• Which environmental factors are related to land cover change (especially grassland and riparian
forest changes) in the active Upper Danube Floodplain?
• Which are the ecological consequences of the recorded trends in a floodplain context?
To conduct a comprehensive and comparable study about the long-term changes in a floodplain,
we analyzed the land cover change in the Upper Danube Floodplain in a 50-year time span. We chose
this study period (1963–2010) because in the 1950s German agriculture prospered due to a large
demand for food after World War II [46]. Since the 1960s, the German agricultural policy has been
regulated at a European level. This greatly altered agricultural production methods in Germany,
which influenced the land cover change nationwide [47].
2. Materials and Methods
2.1. Study Area
The study area is located along the Upper Danube River in Bavaria, Southern Germany (River-km
2,379–2,245) (Figure 1). The Danube River is an important international waterway, which origins from
the Black Forest, passes through ten countries and finally enters the Black Sea; it has a pluvial-nival flow
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regime. As an essential bio-corridor in Europe and the hotspot of natural habitats, the Danube River
is of high research value [48]. The Upper Danube River refers to the part from its source to the
confluence with the river Morava at Bratislava (River-km 2,415–1,791). It runs for 587 km through
Southern Germany; this part is characterized as mountainous with low water temperature and high
flow velocity with an average inclination of the river bed of 0.93% [49].
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In the study area, we c five study sites randomly: each study site covers approximately
400 ha, comprising the length of 2 km along the river segment and the width of 1 km on each side
of the river (Table 1). All study sites have a gentle terrain with a mean slope of 1.5◦ and the mean
elevation of each study site is included in Table 1. They are situated in the “Dungau” landscape unit
in the Danube Valley between the Bavarian Forest and the Lower Bavaria Upland. This region is
a cultural landscape with highly fertile and intensively farmed loess plains [50]. The geographical
location determines its characteristics: the channel substrates are gravel and crushed stones mostly
of limesto e from th western Alpine foothills, and the top layer mainly consists of clay or loam
with sand in the old meander loops. The pr dominant soil types are Gleysols, Fluvisols, Cambisols
and Luvisols (digital soil data provid d by the Bavarian St te Office for Surv y and Geoinformation
(LDBV)). The study sites are under te perate climate with a mean annual temperature of 8 ◦C and a
mean annual precipitation of 816 mm [51].
T ble 1. Description of th five study sites.
Study Site Area (ha) Area of Active
Floodplain (ha)
Mean Elevation
(m a.s.l.)
Mean Slope (◦) Mean Soil
Rating Index *
Barbing 425 203 329 1.0 47.3
Gmünd 422 198 331 1.6 53.1
Irlbach 423 41 319 1.4 59.3
Niederalteich 428 64 310 1.0 53.2
Langkünzing 426 48 305 1.0 53.8
Note: * Definition please see Section 2.3. Abbreviation: a.s.l.: above mean water level.
The river stretch under study is regulated by sluice Regensburg (River-km 2,379), sluice Geisling
(River-km 2,354) and sluice Straubing (River-km 2,324); only the river reach between Straubing and
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Vilshofen is free-flowing. The tributaries joining in this segment are Regen, Vils, Kleine Ohe, Otterbach,
Große Laber and Isar. In this study, the active floodplain refers to the part of floodplain periodically
inundated by the lateral overflow, and the former floodplain refers to the fossil floodplain outside the
actual river dynamics [22].
The PNV in the study area includes alluvial hardwood forest of Fraxinus excelsior and Ulmus minor
in complex with softwood forest elements e.g., Salix alba [52]. The softwood forest occurs in the area
close to the river, where the main soils are Gleysols, Fluvisols or Cambisols on the carbonate—rich,
silty to sandy sediments, or on the sediments with a wide range of grain sizes (digital soil data provided
by LDBV). In the higher part and on consolidated terraces of the floodplain with Luvisols or Cambisols
on the loess loam sediments, the PNV is the alluvial hardwood forest of Ulmus minor, Fraxinus excelsior
and Carpinus betulus [52].
2.2. Analysis of Land Cover Composition and Structure Change
The Land Use and Land Cover (LULC) data in 1963, 1978, 1995 and 2010 were extracted from aerial
images (for 2010: orthophotos) at a scale of 1:5000 provided by LDBV [53]. Since it was impossible
to collect the aerial images on the same date of the above years, we selected the aerial photos in
1963, 1978, 1995 and 2010 from similar months (May, June and July). We corrected the geometric
errors of the historical images. Ground control points (GCPs) and the Digital Elevation Model (DEM
with 10 m resolution, provided by the German Federal Institute of Hydrology (BfG)), were used to
relate the old aerial photos to the orthophotos in 2010. Based on the pre-processing of the images,
we conducted visual interpretation for all aerial photos because it is more suitable to catch the details,
e.g., small landscape structures. All figures were interpreted individually with an average minimum
mapping unit of 2 m2. The workflow is given in Figure 2. Other methods like using the NDVI or LAI
to determine land use classes require satellite images as input data [54], which were not available for
the historical time steps.
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Figure 2. The workflow of the study: the land cover data were derived from the aerial photos,
analyzed with transformation matrix and landscape metrics; Classification and Regression Tree
Model (CART) analysis was used to explore the relationship between land cover change and
environmental factors.
Developing a classification key was the preparatory step for the aerial photo interpretation
in ArcGIS 10.2.1 (ESRI, Redlands, CA, USA). Acco ding to the surface features, land cover can be
classified into five primary groups: woody vegetation, agricultural land, water, margin and built-up
land, which were divided into 22 subtypes by specific land-use, structure and vegetation cover (Table 2).
Riparian forest was defined as the vegetation strip growing next to the water bodies. Margins were
defined as one separate group because they are essential ecological corridors.
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Table 2. Classification of land cover into five types and 22 subtypes.
Type Subtype Description
Woody vegetation
Riparian forest Woodland adjacent to water bodies (e.g., the Danube River, backwater,backwater lake and creek)
Forest A complex of trees and other woody vegetation not adjacent to the water body
Copse A thicket of trees or shrubs
Agricultural land
Arable land Land where crops such as maize, wheat and rye are sown
Grassland Grass-dominated land mown for fodder production or grazed
Orchard Garden with fruit trees close to settlements
Water body
Artificial pond A gravel pit for extraction of gravel filled with water
Backwater A water body periodically or seasonally connected to the main channel
Backwater lake A stagnant water body close to and not connected with the main channel
Creek A small narrow stream
Ditch A long narrow excavation for drainage and irrigation
River Danube River
Margin
Field hedge Closely spaced shrubs and trees in line separating fields from each other
Field margin Non-woody vegetation and grass strips in line between fields
Road hedge Closely spaced shrubs and trees in line separating roads from adjoining fields orother facilities
Road margin Non-woody vegetation and grass strips in line separating road from adjoiningfields or other facilities
Built-up Land
Vegetated path Unpaved path covered with vegetation (e.g., in forest, between fields)
Path Paved path with concrete or other surfaces
Road Routes with one or more lanes
Settlements Houses/homesteads grouped together
Construction site Bare land used for construction
Industrial land Land used for industrial purposes (e.g., wastewater treatment)
With the aid of a transformation matrix we described the conversion between land cover types
quantitatively and reflected the dynamic of land cover change [55]. The results in a two-dimensional
matrix highlighted the dominant change and the transition phases. One transformation matrix was
calculated for each period for all land cover in the whole study area (all study sites were merged),
resulting in a total number of six transformation matrices for active and former floodplains.
In recent years, landscape metrics have been an effective method to quantify the landscape pattern
and the LULC change. The advantage of landscape metrics is their availability and comparability [56].
We calculated land cover configuration properties—shape, fragmentation and proximity—as well as
composition characteristics—proportion, richness and evenness—for each period. To quantify the
characteristics, we selected four indicators at the class level and four indicators at the landscape level
(Table 3). The shape complexity of habitat and landscape indicates the amount of edge effects and
undisturbed core area [57]. Landscape shape index (LSI) can assess the regularity of the landscape
pattern [58]. It approximates one when the patch shapes are perfectly circular (vector format) or
square (raster format) [59]. Fragmentation reflects the influences on the ecological communities
attributed to human alteration of the landscape structure [60]. We used mean patch size (MPS) as a
basic composition index [61] and effective mesh size (MESH) as a standard measure to quantify the
fragmentation [62]. MESH characterizes the anthropogenic influences on landscapes from a geometric
perspective. Proximity quantifies the habitat accessibility. Closer proximity reflects a more conductive
configuration for the movement of the organisms and allows for more population exchanges [63,64].
Mean proximity index (PROX_MN) is inversely related to the nearest neighbor distance and it shows
the non-isolation degree of patches. Landscape diversity describes the number and dominance of
land cover types. The influence of landscape diversity on species diversity is complex, partly due to
different species preferences to interior or edge of habitats [65,66]. Shannon’s diversity index (SHDI)
and evenness index (SHEI) are two popular metrics for the landscape analyses with emphasis on the
richness and evenness of landscape composition [67].
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Table 3. Landscape metrics calculated at landscape and class levels [56].
Abbreviation Metrics Description Unit Scale Level
LSI Landscape Shape Index Shape complexity of patches compared tostandard shape None Landscape & class level
MPS Mean Patch Size Average patch size of each land cover ha Class level
MESH Effective Mesh Size Probability that two randomly chosen points ofland cover located in the same patch ha Landscape & class level
PROX_MN Mean Proximity Index
Proximity of all patches whose edges are within
a specified search radius of the focal patch (in
this study the radius is defined as 500 m)
None Class level
SHDI Shannon’s Diversity Index Diversity of land cover patches based on thenumber and distribution of patches None Landscape level
SHEI Shannon’s Evenness Index Evenness of land cover patches based on thenumber and distribution of patches None Landscape level
The digitized maps were transformed into raster files with the cell size of 5 m × 5 m. This enabled
us to calculate the landscape metrics with FRAGSTATS 4.2, to combine the maps with environmental
data in raster format and to calculate the transition matrix. FRAGSTATS is a raster-based analysis
program of spatial pattern to quantify the landscape pattern at patch, class and landscape scales [59].
We used the one-way analysis of variance (ANOVA) in R version 3.1.0 (R Core Team) to compare
the changes of the structural metrics. The response variables are the landscape metrics, and the two
factors are the floodplain type (active floodplain, former floodplain) and year (1963, 1978, 1995, 2010).
To ensure the normal distribution of the residuals, we transformed some of the landscape metrics with
log transformation, square-root transformation and power transformation.
2.3. Analysis of the Relationship between Land Cover Change and Environmental Factors
We used the Classification and Regression Tree Model (CART) to explore the relationship
between environmental factors and land cover change. CART is a non-parametric method recursively
partitioning the dataset of the response variable into homogeneous nodes, and the result is a decision
tree [68]. All study sites were rasterized into pixels, and every pixel was characterized by environmental
properties. Land cover change was the categorical response variable and environmental parameters
were explanatory variables. We ran the CART model for each period of the land cover change of
arable land (A), grassland (G), and riparian forest (R) both in active and former floodplains. All other
forests and copse were summarized to group F, and all the other land cover types into group E (else).
We selected fifteen types of land cover change from twenty-five possible changes based on the habitats
of size importance (Table A1). The CART model was calculated using the R package ‘rpart’ [69].
‘gini’ was selected as the split index, the complexity parameter (CP) was set to 0.01, and the number
of cross-validations was defined as 10. The CART model provides the relative variable importance
(summing up to 100) to represent the variable influences.
Based on the review of existing studies, the main natural factors of land cover change are
slope gradient, altitude, and soil characteristics [70,71]. Considering the dynamic characteristic of
the floodplain, we expected that the topographic parameters (slope, aspect), the height above MW
(mean water level), the distance to river and the soil parameters could be environmental factors
related to the land cover change in this study. The study site was one variable for site differences.
All the environmental factors were regarded as stable variables without temporal changes. Elevation,
slope and aspect were extracted from the 10-m DEM. The MW data (provided by BfG) were given
as height a.s.l. and represented the long-term mean water level of observation sites along the river.
Height above MW was the difference between the absolute elevation a.s.l. and the mean annual water
level. Distance to river was the distance from the pixel center to the center line of the river. The soil
rating index and soil texture were derived from the German Soil Rating Survey (digital soil data was
provided by LDBV). The soil rating index is an index with which soil productivity is rated by a single
value between 0 and 100, originally surveyed for taxation purposes in Germany [72]. This index is
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only applied to agricultural land because it is an index evaluating agricultural productivity and is
hence missing for forested land and the river. However, we kept the soil rating index in the correlation
analysis because it is an important indicator of soil productivity and yield potential [73]. Besides that,
the soil rating index correlates reasonably well with soil physical parameters including the clay content
and the amount of organic substances [74]. The main soil textures in the study area are S (sand), Sl & lS
(loamy sand), SL (very loamy sand), sL (sandy loam), L (loam) and MoL (moor/loam, soil consisting
of peat and loam). Among the soil types in the study area, Leptosols and Regosols are formed on
the more sandy soils, whereas Gleysols and Luvisols develop on the more loamy soils. Other soil
parameters (e.g., organic matter, nutrient levels) could not be considered because these data are not
available for the past. Soil texture and study site are categorical variables while all other variables are
numeric. The CART method is robust to handle both variable types [68].
3. Results
3.1. Land Cover Change
The largest land cover type both in active and former floodplains is arable land (Figure A1).
Although arable land in the active floodplain decreased during all periods, it still occupied the highest
share (28.3%) in 2010. It was followed by grassland (15.6%), riparian forest (15.1%) and backwater
(14.8%). Common characteristics of all land cover types in the active and the former floodplain
are: Between 1963 and 2010 riparian forest increased while arable land and grassland declined.
Grassland in the active floodplain decreased during all analyzed time spans. Grassland in the former
floodplain decreased by 47%, and was therefore the land cover type with the strongest decline (Table 4).
Built-up land and margin increased from 1963 to 1995 and then declined. Woody vegetation including
riparian forest and other forest increased by 47% in the active floodplain and doubled in the former
floodplain from 1963 to 2010. The area of riparian forest rose from 1963 to 1995, whereas in the last
period it declined in most of the study sites (except Barbing).The percentage of agricultural land
decreased from 1963 to 2010, while riparian forest increased.
Table 4. Net change of land cover in floodplain parts during all periods.
Land Cover Type Active Floodplain Former Floodplain
1963–1978 1978–1995 1995–2010 1963–1978 1978–1995 1995–2010
Riparian forest 4.01% 3.14% −2.34% 0.07% 0.07% 0.48%
Forest 0.21% 0.03% 2.63% 0.00% 0.07% 0.67%
Copse 0.44% −0.09% 0.11% 0.68% 1.02% −0.41%
Arable land −6.20% −2.18% −2.89% 0.92% −1.42% −0.50%
Grassland −2.11% −1.90% −1.05% −4.29% −1.50% −0.92%
Orchard −0.06% 0.04% −0.01% −0.15% −0.07% 0.13%
Artificial pond −0.02% 0.02% 0.04% 0.85% 1.51% 0.42%
Backwater 4.00% −0.46% 3.24% 0.04% −0.01% 0.04%
Backwater lake −0.45% 0.31% 0.16% 0.00% 0.03% 0.01%
Creek & Ditch −0.03% 0.26% −0.16% 0.00% −0.05% −0.02%
Field hedge/margin 0.31% −0.16% −0.09% 0.51% −0.28% 0.05%
Road hedge/margin −0.04% 0.74% 0.07% 0.56% 0.12% 0.05%
Vegetated path 0.01% −0.38% −0.01% 0.04% 0.13% −0.39%
Path 0.14% 0.39% −0.05% 0.22% 0.00% 0.16%
Road 0.01% 0.22% −0.15% 0.48% 0.04% 0.03%
Settlements 0.01% 0.04% 0.08% 0.28% 0.20% 0.32%
Construction site * −0.23% 0.10% −0.14%
Note: * construction site only exists in the former floodplain.
In the active floodplain, all linear structures except field hedge increased from 1963 to 2010,
while in the former floodplain, only road, path and margin increased. Path with vegetation experienced
an obvious decline from 1978 to 1995, by contrast, paved path increased. The urbanized land
cover—settlements, road and path—increased apparently in the former floodplain. There were
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relatively few roads in the study area, and their increase was accompanied with more road edges.
Backwater in study site Barbing increased from 1963 to 1978 due to the creation of a backwater close
to the river channel (Figure A1a). The increase of backwater from 1995 to 2010 in study site Gmünd
resulted from the high water level and a small flooding event in 2010 (Figure A1b). Overall, the major
changes in the active floodplain occurred in arable land, grassland, riparian forest and backwater.
In contrast, in the former floodplain, built-up land experienced distinct increases.
The change maps in all study sites depict the overall trend in the land cover change between
1963 and 2010 (Figure 3). The transformation matrix indicates the main changes between arable land,
grassland and riparian forest (Table 5). One finding from the transformation matrix is that grassland in
the active floodplain always changed into riparian forest or arable land.Sustainability 2017, 9, 943  10 of 39 
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Table 5. Transformation matrix between land cover from 1963 to 2010.
Floodplain Type
1963–1978 1978–1995 1995–2010
Land Cover
Change
Changed
Area (%)
Land Cover
Change
Changed
Area (%)
L d Cover
Change
Changed
Area (%)
Active Floodplain
A-G 6.0 A-G 5.4 -G 4.0
G-A 3.4 G-A 4.8 G-A 1.4
G-R 3.2 G-R 2.4 G-F 1.5
Total * 26.7 total 25.2 total 20.1
Former Floodplain
A-G 4.0 A-G 3.7 A-G 2.6
G-A 7.0 G-A 4.0 G-A 2.8
total 22.1 total 20.1 otal 14.
Note: A-G: Arable land to grassland; G-A: grassland to arable land; G-R: grassla to riparian forest; G-F:
grassland to other forests. * The total c ange percentag is ot the sum of the valu s in the table, ut it also
includes those changes lower than 1%, which are not shown here.
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The area of grassland changing to riparian forest and the area of arable land transforming into
grassland decreased during all the periods. In contrast, in the former floodplain, the conversion
between arable land and grassland decreased (Table 5). The transformation percentage of grassland to
arable land in the active floodplain increased in the second period and then decreased.
3.2. Structural Change of Land Cover
3.2.1. Landscape Level
In the ANOVA of the landscape metrics, some metrics differ significantly between the active and
former floodplain (Table 6). The fragmentation of arable land changed significantly over time (Table 6).
Although the structural metrics of riparian forest and grassland did not change significantly in the
overall area, the changes occurring in some of the study sites are obvious. In the active floodplain,
the shape complexity of the landscape was reduced from 1963 to 1978, it stagnated in the second period,
and then the reduction continued from 1995 to 2010 (Table 6). In the active and former floodplain parts
the landscape experienced a fragmentation from 1963 to 1995 in Barbing and Gmünd (Figure A1a,b).
Although fragmentation decreased in recent years, the landscape in the former floodplain in Barbing,
Gmünd, Irlbach and Niederalteich (Figure A1a–d) was still more fragmented in 2010 than in 1963.
The diversity of land cover in the active and former floodplain in Barbing and Gmünd increased (Table 6).
Landscape shape in the former floodplain in Barbing, Gmünd and Irlbach (Figure A1a–c) became more
complex in early periods but then the shape complexity decreased slightly from 1995 to 2010.
3.2.2. Class Level
The patches of the class level ‘arable land’ had a more regular shape in the active floodplain
in Barbing, Irlbach, Langkünzing (Figure A1a,c,e). Arable land had a more complex shape in the
former than in the active floodplain, but the shape complexity decreased with time in Gmünd and
Niederalteich (Table 6, Figure A1b,d). The change of MESH showed a strong fragmentation of arable
land in Barbing, Gmünd, Niederalteich and Langkünzing (Figure A1a,b,d,e) from 1978 to 1995, but then
this trend was reduced. Compared to the situation in 1963, arable land in the floodplains in Barbing,
Gmünd and Niederalteich (Figure A1a,b,d) became more fragmented in 2010. The patches of arable
land in the active and former floodplain in all study sites became significantly larger all the time
(Figure A1). The patches were closer to each other in the former floodplain in Barbing, Irlbach and
Langkünzing in the first period, but from the 1970s to the 1990s this trend was reversed, and afterwards
the proximity continued to increase.
The shape complexity of grassland decreased in the active floodplain and grassland patches
in the active floodplain in Barbing, Gmünd, Irlbach and Langkünzing (Figure A1a–c,e) became
larger. The grassland structure was more fragmented in Barbing, Niederalteich and Langkünzing
(Figure A1a,d,e) from 1963 to 1978, but in the next periods it recovered gradually (Table 6).
The grassland patches of the former floodplain in Irlbach, Niederalteich and Langkünzing
(Figure A1c–e) became more regular in shape. They had no obvious change in average size but
became organized. Grassland in the former floodplain in Barbing, Gmünd, Irlbach, Langkünzing
experienced a fragmentation, and the patches in Barbing, Irlbach, Niederalteich and Langkünzing
diverged more from each other than in 1963 (Table 6).
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Table 6. Mean values of structural metrics: landscape, arable land, grassland and riparian forest in active and former floodplains from 1963 to 2010.
Landscape Metrics Active Floodplain Former Floodplain
1963 1978 1995 2010 1963 1978 1995 2010
Landscape
LSI 11.06 ± 0.80 10.62 ± 1.01 10.84 ± 1.22 9.96 ± 1.34 11.45 ± 2.24 12.05 ± 2.27 12.91 ± 1.63 12.48 ± 1.57
MESH (ha) 20.14 ± 7.17 18.88 ± 6.69 13.70 ± 2.27 18.50 ± 2.52 33.68 ± 10.68 30.76 ± 11.55 28.48 ± 14.16 26.93 ± 11.16
SHDI ** 1.26 ± 0.09 1.33 ± 0.08 1.29 ± 0.11 1.30 ± 0.13 0.95 ± 0.02 0.98 ± 0.06 1.15 ± 0.08 1.17 ± 0.12
SHEI *** 0.51 ± 0.04 0.53 ± 0.03 0.51 ± 0.02 0.54 ± 0.04 0.37 ± 0.02 0.37 ± 0.02 0.42 ± 0.03 0.43 ± 0.04
Riparian forest
LSI *** 10.4 ± 1.65 11.04 ± 1.50 10.92 ± 1.60 10.12 ± 1.81 3.40 ± 1.53 3.67 ± 1.50 5.51 ± 1.58 4.54 ± 1.36
MPS (ha) *** 1.21 ± 0.14 1.91 ± 0.35 2.21 ± 0.51 1.92 ± 0.27 0.13 ± 0.08 0.37 ± 0.16 0.29 ± 0.11 0.38 ± 0.23
MESH (ha) *** 1.38 ± 0.72 2.76 ± 1.52 3.40 ± 1.57 4.38 ± 3.04 0.004 ± 0.004 0.005 ± 0.003 0.008 ± 0.003 0.018 ± 0.013
PROX_MN *** 92.76 ± 28.17 192.92 ± 61.95 475.44 ± 184.33 131.04 ± 35.44 4.02 ± 2.57 3.84 ± 3.38 12.61 ± 5.13 1.78 ± 2.86
Grassland
LSI 10.16 ± 1.04 8.37 ± 0.93 8.76 ± 1.28 7.84 ± 0.92 10.24 ± 2.29 9.40 ± 1.76 8.95 ± 1.45 8.34 ± 1.48
MPS (ha) * 0.61 ± 0.08 0.63 ± 0.16 0.66 ± 0.09 0.87 ± 0.12 0.48 ± 0.04 0.50 ± 0.06 0.53 ± 0.15 0.50 ± 0.14
MESH (ha) * 4.71 ± 2.51 3.70 ± 2.06 3.98 ± 2.88 4.82 ± 2.95 1.10 ± 0.37 0.60 ± 0.32 0.55 ± 0.33 0.53 ± 0.37
PROX_MN 260.80 ± 135.28 190.80 ± 81.88 140.19 ± 54.21 146.77 ± 86.10 143.39 ± 51.05 59.90 ± 20.29 68.57 ± 35.09 54.17 ± 28.68
Arable land
LSI ** 5.61 ± 0.34 5.16 ± 0.65 4.18 ± 0.88 3.56 ± 0.71 7.83 ± 1.69 7.54 ± 1.59 7.49 ± 1.33 7.06 ± 1.40
MPS (ha) 0.53 ± 0.14 a 0.55 ± 0.15 a 1.08 ± 0.25 ab 1.42 ± 0.33 b 0.43 ± 0.06 a 0.15 ± 0.07 ab 1.19 ± 0.06 ab 1.39 ± 0.05 b
MESH (ha) *** 12.09 ± 7.92 10.47 ± 7.47 4.01 ± 1.93 4.73 ± 2.85 32.51 ± 10.96 29.94 ± 11.69 27.76 ± 14.24 26.18 ± 11.27
PROX_MN ** 326.47 ± 182.93 626.89 ± 396.60 312.33 ± 250.61 347.65 ± 304.18 2111.83 ± 838.54 2269.85 ± 896.74 1982.81 ± 798.20 2874.85 ± 1102.47
Note: Mean ± SE; Abbreviations: LSI = landscape shape index; MPS = mean patch size; MESH = effective mesh size; PROX_MN = mean proximity index; SHDI = Shannon’s diversity
index; SHEI = Shannon’s evenness index. Signif. Codes within factor “floodplain type”: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1. Letters “a” “b” “ab”: significant groups (p < 0.1) within
factor “Year”.
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The shape complexity of riparian forest in the active floodplain in Irlbach and Niederalteich
(Figure A1c,d) declined continuously. The patches in Gmünd, Niederalteich and Langkünzing
(Figure A1b,d,e) became larger at first, but later slightly smaller (Table 6). In the active floodplain
riparian forest tended toward a more aggregated structure in all study sites from 1978 to 1995 and it
continued in Barbing, Irlbach and Niederalteich after 1995. The proximity of patches in Gmünd and
Niederalteich (Figure A1b,d) was enhanced from 1963 to 1995, in the last period it went through a fall,
but the final proximity was higher than that in 1963. The patch size of the riparian forest (in the former
floodplain this refers to forests close to water bodies) was larger in the first period, and then with a
small fluctuation it was larger in 2010 than the starting state in Barbing, Gmünd and Niederalteich
(Figure A1a,b,d).
3.3. Relationship between the Change of Land Cover and Environmental Factors
To have an intuitive impression of the relationship between the environmental factors and the
land cover changes, we show the CART results of riparian forest and grassland from 1963 to 1978
exemplarily (Figures 4 and 5). Most riparian forest in the active floodplain of study sites Irlbach,
Niederalteich and Langkünzing stayed stable from 1963 to 1978 (Figure 4). In study sites Barbing
and Gmünd, riparian forest located higher than about 1 m below MW remained stable. Among the
riparian forest lower than 1 m below MW, those forests with a northeast orientation and further than
approximately 500 m to the river were converted to grassland; the rest did not change.
In the active floodplain of study sites Gmünd, Irlbach and Langkünzig, most grassland stayed
stable from 1963 to 1978 and only a small proportion of grassland with soil consisting of peat and loam
converted into arable land (Figure 5). In the active floodplain of study sites Barbing and Niederalteich,
grassland with higher soil rating indexes changed into arable land; grassland with lower soil rating
indexes became riparian forest; grassland with medium soil rating indexes and closer to the river
persisted. As expected, patches farther away from the river are more likely to change into arable land.
In this study, elevation and distance to river were the most important environmental factors to
land cover change in the floodplain. The most relevant environmental factors for arable land and
grassland changes are soil rating index, height above MW and distance to river; for riparian forest
and other woodland, the most important factors are height above MW and distance to river (Table 7).
The high values for ‘study site’ showed different trends between study sites (see Figures A3–A5).
Table 7. The relative importance of environmental factors to land cover change.
Environmental
Factors
Arable Land Change Grassland Change Riparian Forest Change
1963–1978 1978–1995 1995–2010 1963–1978 1978–1995 1995–2010 1963–1978 1978–1995 1995–2010
Aspect 2 1 2 1 1 5 10 11 8
Distance to river 15 14 22 4 13 31 43 7 26
Height above MW 10 22 22 18 21 18 20 46 26
Slope 4 4 4 2 2 5 9 2 5
Soil rating index 42 18 16 18 13 26
Soil texture 7 18 16 26 9 10
Study site 20 23 18 31 41 6 17 34 34
Note: Results were calculated with CART, and the relative importance to each land cover change type during one
period sums up to 100.
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Figure 4. The CART result of riparian forest change and environmental factors from 1963 to 1978. Abbreviations: RR: stable riparian forest; R-A: riparian forest to
arable land; R-G: riparian forest to grassland; R-F: riparian forest to other forests; R-E: riparian forest to other land cover; the small letters refer to the study sites,
see Figure 1.
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Figure 5. The CART result of grassland change and environmental factors from 1963 to 1978. Abbreviations: GG: stable grassland; G-A: grassland to arable land; 
G-R: grassland to riparian forest; G-F: grassland to other forests; G-E: grassland to other land cover; S: sand; Sl & lS: loamy sand; SL: very loamy sand; sL: sandy 
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Figure 5. The CART result of grassland change and environmental factors from 1963 to 1978. Abbreviations: GG: stable grassland; G-A: grassland to arable land; G-R:
grassland to riparian forest; G-F: grassland to other forests; G-E: grassland to other land cover; S: sand; Sl & lS: loamy sand; SL: very loamy sand; sL: sandy loam; L:
loam; MoL: moor/loam, soil consisting of peat and loam; the small letters refer to the study sites, see Figure 1.
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4. Discussion
4.1. How Did the Floodplain Land Cover Change?
The increasing patch size of agricultural land in this study is consistent with comparative studies
in Germany, in which many small grassland patches were merged after 1953 [75]. It reflects agricultural
intensification with new technical and production methods. Meeus [76] and Hietel et al. [70] showed
the trend in agriculture to either intensification or abandonment. While less productive agricultural
areas got abandoned, fertile areas were used more intensively. This process started in the 1970s
by the Land Consolidation Act in Germany to enhance the agricultural efficiency and reduce the
fragmentation with redistribution of small non-adjacent fields between farmers. This action lowered
agricultural land division and enlarged the farm size [77]. The observed increase of riparian forest
especially close to the river and in low heights above MW indicated that agricultural land use near the
river became de-intensified, because high water levels threaten the field cultivation.
The core area and proportion of agricultural land decreased in the active and the former floodplain.
In general, the loss of agricultural land could be explained by the German agricultural policy. Since
1962, German agriculture has been under the instruction of EU’s Common Agriculture Policy (CAP)
to provide affordable food and to improve the living standard of the farmers [78]. The CAP has
contributed to the large-scale land cover change in the past decades [79]. Land cover change in
this study was partly related to this development. To enhance the production level was the main
focus of the CAP until 1984. Then the measures were adjusted because of the excessive production
(e.g., dairy products) above the market demand. After 1992, the farmers were supported with direct
aid payments to work more environmentally friendly [80]. Since 2003, with more emphasis on
biodiversity conservation, water management and soil protection, the CAP has provided the farmers
with income support and motivated them to adopt sustainable agricultural practices [79]. From 2007
to 2013, the Bavarian Cultural Landscape Program (KULAP) provided the farmers with subsidies
for the afforestation on agricultural land [81]. In this study, despite the high soil fertility, part of the
agricultural land was transformed into riparian forest due to the unreliable water conditions in the
floodplain. Nevertheless, the agricultural land still maintained a high share in the active floodplain,
which is ecologically negative for the floodplain [82].
Besides the specific land cover change, the floodplain landscape in some study sites experienced
a strong fragmentation despite the slight improvement in the active floodplain after 1995. It was
shown that the increasing landscape fragmentation in Central Europe was a consequence of patchwork
conversion, site development, increasing infrastructure land [62] and water engineering [83]. In this
study, the increase of linear structures (road and path) contributed to the increase of shape complexity
and landscape fragmentation. The transportation lines can interrupt the natural disturbance regime
and lead to the degradation of floodplain habitats, as was found by Blanton and Marcus [84].
4.2. Did the Grassland in the Study Area Decrease?
The area of grassland decreased continuously during the last decades, because grassland was
transformed into arable land and riparian forest. Species-rich meadows along the Upper Rhine River
have been transformed into arable land since the Middle Ages [85]. The transformation of permanent
grassland into arable land due to land-use intensification was also a contributor to the decrease of
grassland in the studies by Walz [75] and Tscharntke et al. [86]. Besides land-use intensification,
the CAP also stimulated the loss of grassland (see Section 4.1).
Given the importance of grassland in ruminant livestock production, grassland change was partly
in line with the variation of livestock number, as discussed by Chang et al. [87] in their work on
grassland productivity and ruminant livestock density in Europe. The agricultural statistics in all
municipalities within the study area (Figure A2) provided by the Bavarian State Office for Statistics
(LfStat) showed an increasing cattle number from 1963 to 1978 and a decrease from 1978 to 2010. Up to
1970 cattle stayed in summer on pastures and were additionally fed with grass and in winter with hay
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(additional mash), which caused high grass consumption. From 1970 green maize (silage) became
the important forage and the demand for arable fields rather than grassland increased. Since the
1980s, dairy products have been reduced, and the cattle number decreased. The decline of livestock
production and a preference for market crop production contributed to the transformation from
grassland to arable land. As a consequence, the agricultural intensification weakened the grassland
demand [7].
Habitat loss and fragmentation reduce the grassland connectivity. The change of connectivity is a
crucial aspect of land cover change and implies the spatial alteration of habitat continuity [88]. In this
study, the decrease of proximity between grassland patches in most study sites implicates the loss
of connectivity. Besides that, margins such as ‘field margin’ and ‘path with vegetation’ were gone,
together with their ecological functions, e.g., as migration corridor and for biodiversity enhancement.
4.3. Did the Riparian Forest in the Study Area Decrease?
Although the riparian forest decreased overall in the time span between 1995 and 2010, the total
area of riparian forest increased up to now. Riparian forest change varies worldwide. Due to
hydroelectric power stations and other management measures, the Rhine Alsatian forest and
the Austrian forest along the Danube River decreased by 25–50% from the 1930s to 1980s [82].
The cumulative loss of riparian forest was driven by dam construction, intensive agriculture
(enhancement of maize production on former grassland sites), urban development, forest management
and timber harvesting [83]. In our study region, the river engineering projects between Straubing
and Vilshofen from the 1990s had strong influences on the floodplain habitats. The flood
protection measures led to the change of site parameters including depth to groundwater level,
groundwater fluctuations and flow rate. They further resulted in a loss of area for natural development.
Some parts of the forested area in the floodplain shifted to the water zone or even open water area [89].
The main increase of riparian forest area in this study originated from the transformation from
grassland and arable land. This could be explained by land-use policy change in Western Europe
(foundation of EWG in 1957, EU in 1993). The CAP supported the afforestation of agricultural land,
and this gave rise to an increase of 4.9% forest in the Federal Republic of Germany from 1950 to 1993 [90].
This afforestation compensated clear cuttings and led to an increase of the forest cover [91]. In this
study, riparian forest in most study sites became more aggregated in the last 50 years. Forest patches
grew larger from 1963 to 1995 in the active floodplain, and the patch shape was more regular than
before. In contrast, floodplain forests along other large rivers (e.g., the Upper Rhine River) have
experienced strong fragmentation in the last decades [82].
In German floodplain management practices, to ensure the flood retention, riparian forest was
removed to decrease the roughness and increase the water velocity. Since 2004, management measures
including the thinning of softwood stocks have been taken in the Danube Waterway Project between
Straubing and Vilshofen [92]. However, in forest restoration projects along the Middle Elbe River, it was
shown that forest plantings in suitable positions can help to control flooding. Due to the increased
roughness in the planted forests, water is kept in areas designated for flood retention. Flood waves are
flattened and flood-sensitive areas are secured. This form of landscape management is a solution for
the conflicts between natural conservation and flood protection [22], but due to the high population
density and limited amount of space along the Upper Danube River, this measure is probably not
suitable in our study area.
4.4. Suitability of Landscape Structure Analysis
Landscape metrics were used to analyze the land cover pattern and to quantify the fragmentation.
As a prerequisite to the study of landscape function and change, much effort has been put into
calculating the landscape metrics to quantify the landscape structure in previous studies [93].
However, these metrics have to be selected and interpreted in relation to their ecological meaning [94].
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Without supporting data on species level, only general landscape patterns and processes can be
pointed out.
We selected the landscape metrics in consideration of their ecological meanings. Effective mesh
size (MESH) and edge density are measures to quantify the fragmentation, which affects processes
like animal dispersion and habitat viability [95]. The increase of MESH indicated the more aggregated
structure of riparian forest, which benefits the species that are sensitive to edge effects [57]. The shape
index indicating the shape complexity of the forest affects the bird abundance [57]. The shape of
habitat fragments also influences animal population dynamics and meta-population persistence within
fragments [96].
Even though it is not possible to draw conclusions on specific ecological processes or the effects
of changes on single species groups [93], the analysis of landscape metrics gives information about the
changes in landscape structure and landscape structural composition over time and the general
effects of these changes. Suitable landscape metrics that are easy to interpret by stakeholders
and decision-makers who are responsible for planning and management can help to increase the
understanding for landscape structural and functional patterns.
4.5. Relationship between Grassland and Riparian Forest Change and Environmental Factors
For the agricultural land cover change, soil quality played the most important role. The importance
of the variable ‘study site’ implied different changes between study sites. Previous researchers found
that land cover changes in submontane landscapes of Germany were correlated with physical landscape
attributes, e.g., elevation, slope, aspect, water capacity and soil texture [70,97]. Other studies reported
the importance of relief, hydrological and soil conditions in the active floodplain: the principal
environmental gradients: hydroperiod, the depth of the groundwater table and soil fertility determine
water → plant → soil interactions [98]. Height above MW is related to hydrological differences.
Higher sites in the floodplain are much drier than lower sites because they are farther from the
groundwater table. Distance to river is a significant factor for the spatial variability in the depth
and duration of inundation, soil properties, nutrient accumulation and other ecological processes
in the floodplain [99]. Bürgi and Turner [100] detected different land cover changes in various soil
conditions: agricultural land changed into forest as a result of agricultural abandonment on shallow
soils; arable land changed into grassland due to the decline of farming intensity on more sandy
and deeper soils; fertile grassland sites on silty soils were transformed into arable land owing to
agricultural intensification. Along many European rivers, the original floodplain forests were cleared
for agricultural production on fertile soils [82]. In the present study, grassland in the active floodplain
with higher soil rating indexes changed into arable land, while grassland with lower soil rating indexes
tended to change into riparian forest, which confirmed less preference of agricultural production on
these soils. The farmers tend to convert the grassland with higher productivity into arable land to
improve the agricultural production. In this study riparian forest change was mainly related with
height above MW and distance to river. The flood-dependent attributes and the preference for high
groundwater level of riparian forest allowed these sites to develop into forest [2].
4.6. What Is the Ecological Relevance of the Observed Trends in the Floodplain?
The decline of agricultural land and the increase of riparian forest compared to the original
state positively affect the floodplain. As a natural habitat, riparian forest is of high importance in
river-floodplain ecosystems. It can reduce the sediment amount in the river and help to mitigate
the flood risk [101]. The clearance of riparian forest for overflow optimization is caused by human
population’s demand for safe living conditions, but it should be in harmony with the protection of flora
and fauna. The hydraulic roughness of floodplain vegetation could be modeled to see the influences on
flood water level and to reinforce coordination between ecosystem rehabilitation and flood safety [102].
On the landscape level, the finding of increasing fragmentation in the floodplain is a
warning signal for the loss of biological diversity and ecological functions [103]. In other studies,
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poor connectivity and strong fragmentation of floodplain result in a lower rate of mineral sedimentation
and P accumulation [104]. In this study agricultural intensification shifted the arable land into larger
fields, which equalized the conditions and had negative impacts on species diversity, as also found by
Harms et al. [105]. Fertilizers and pesticides used in agriculture can lead to groundwater pollution
and river eutrophication. The natural forests in floodplains should be protected to provide refuges for
species and to improve biodiversity generally [83].
5. Conclusions
In the Upper Danube Floodplain, our study focused on the change of land cover and the relevant
environmental factors. The increasing fragmentation of the floodplain landscape was a consequence of
the disturbance by water management, agricultural intensification and linear infrastructure. In spite
of the decline of agricultural land in the floodplain in recent decades, it still accounted for a large
proportion in the active floodplain and agricultural intensification threatened the ecological functions
of floodplain habitats. The aggregated structure of riparian forest is likely to have positive influences
from an ecological view. However, the trend of increasing riparian forest was relativized by cutting
forests for flood protection, Given that the Danube is an important federal waterway, the local water
management office made plans to protect the riparian forest and limit the intensive agricultural use in
the Danube Floodplain [106]. To achieve a sustainable floodplain development, an agreement between
different interests, e.g., shipping traffic, flood protection and nature conservation has to be reached.
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Appendix A
Table A1. Selected types of land cover change of arable land (A), grassland (G) and riparian forest (R).
Abbreviation (Alphabetic Order) Description
AA Stable arable land
A-G Arable land to grassland
A-R Arable land to riparian forest
A-F Arable land to other forests
A-E Arable land to other land cover
GG Stable grassland
G-A Grassland to arable land
G-R Grassland to riparian forest
G-F Grassland to other forests
G-E Grassland to other land cover
RR Stable riparian forest
R-A Riparian forest to arable land
R-G Riparian forest to grassland
R-F Riparian forest to other forests
R-E Riparian forest to other land cover
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Figure A1. An overview of land cover structure in the active and former floodplains of all study sites: 
(a) Barbing; (b) Gmünd; (c) Irlbach; (d) Niederalteich and (e) Langkünzig during all the periods (i. 
1963; ii. 1978; iii. 1995; iv. 2010). 
Figure A1. An overview of land cover structure in the active and former floodplains of all study sites:
(a) Barbing; (b) Gmünd; (c) Irlbach; (d) Niederalteich and (e) Langkünzig during all the periods (i. 1963;
ii. 1978; iii. 1995; iv. 2010).
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Figure A3. The CART result of arable land change and environmental factors ((a) 1963–1978; (b) 1978–1995; (c) 1995–2010). Abbreviations: AA: stable arable land; A-G: arable 
land to grassland; A-R: arable land to riparian forest; A-F: arable land to other forests; A-E: arable land to other land cover; S: sand; Sl & lS: loamy sand; SL: very loamy sand; 
sL: sandy loam; L: loam; MoL: moor/loam, soil consisting of peat and loam; the small letters refer to the study sites, see Figure 1. 
Figure A3. The CART result of arable land change and environmental factors ((a) 1963–1978; (b) 1978–1995; (c) 1995–2010). Abbreviations: AA: stable arable land; A-G:
arable land to grassland; A-R: arable land to riparian forest; A-F: arable land to other forests; A-E: arable land to other land cover; S: sand; Sl & lS: loamy sand; SL: very
loamy sand; sL: sandy loam; L: loam; MoL: moor/loam, soil consisting of peat and loam; the small letters refer to the study sites, see Figure 1.
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Figure A4. The CART result of riparian forest change and environmental factors (a. 1978-1995; b. 1995-2010). Abbreviations: RR: stable riparian forest; R-A: riparian 
forest to arable land; R-G: riparian forest to grassland; R-F: riparian forest to other forests; RE: riparian forest to other land cover; the small letters refer to the study 
sites, see Figure 1. 
Figure A4. The CART result of riparian forest change and environmental factors ((a) 1978–1995; (b) 1995–2010). Abbreviations: RR: stable riparian forest; R-A:
riparian forest to arable land; R-G: riparian forest to grassland; R-F: riparian forest to other forests; RE: riparian forest to other land cover; the small letters refer to the
study sites, see Figure 1.
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Figure A5. The CART result of grassland change and environmental factors ((a) 1978-1995; (b) 1995-2010). Abbreviations: GG: stable grassland; G-A: grassland to 
arable land; G-R: grassland to riparian forest; G-F: grassland to other forests; G-E: grassland to other land cover; S: sand; Sl & lS: loamy sand; SL: very loamy sand; 
sL: sandy loam; L: loam; MoL: moor/ loam, soil consisting of peat and loam; the small letters refer to the study sites, see Figure 1. 
Figure A5. The CART result of grassland change and environmental factors ((a) 1978–1995; (b) 1995–2010). Abbreviations: GG: stable grassland; G-A: grassland to
arable land; G-R: grassland to riparian forest; G-F: grassland to other forests; G-E: grassland to other land cover; S: sand; Sl & lS: loamy sand; SL: very loamy sand; sL:
sandy loam; L: loam; MoL: moor/ loam, soil consisting of peat and loam; the small letters refer to the study sites, see Figure 1.
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